Physiological changes, and subsequent sleep responses, were recorded in a male subject during and following 338 miles of continuous walking and consequent sleep deprivation. One hundred and thirty hours of walking and a seventy-two hours post-walk recovery period were monitored. The subject walked at approximately 55% of maximum oxygen uptake (V02 max), heart rate ranged between 102-106 b/min, and blood lactate (LA) remained below the 2 mmol/l level. No electrocardiograph abnormalities were observed either during the walk or pre-and post-functional diagnostic graded exercise test (FDGXT).
A deterioration in both physiological and psychological function during moderate intensity work, over a period of 100 h, has previously been recorded (Thomas and Reilly, 1975) . Following a 312 mile, 20 day road race, Dressendorfer and Wade (1980) reported changes indicative of traumatic haemolytic anaemia. Significant increases in serum enzymes have been observed, following 100 miles of mountainous running (Lang et al, 1981 ; Superko et al, 1979) and during five consecutive days of middle distance running (Sanders and Bloor, 1975) , suggesting that creatine kinase (CK), in particular, might be a sensitive index of physiological stress in well-conditioned athletes. Urine catecholamine excretion has been seen to approximately double during continuous long distance walking over 24 h (Townshend and Smith, 1972) , and to increase ten-fold following several hours of heavy physical activity (Karki, 1958) .
The effects of sleep deprivation, in general, have been reviewed (Horne, 1979) , as have the effects of exercise on sleep (Shapiro, 1981) . It has been shown that there is an increase in slow wave sleep (SWS), often considered to be the restorative component of sleep (Oswald, 1980) , following both long and arduous forms of exercise and sleep deprivation . The interplay of these two factors has rarely been considered, and certainly never in the extreme situation, such as a continuous long distance walk. The possible changes that may occur in SWS, after both exercise and sleep deprivation, are similar, i.e., 1. Absolute increase in the amount of SWS on the recovery night, 2. A relative increase in SWS and 3. Possibly a greater intensity of SWS.
One aspect of this intensity component could be the influence of growth hormone (GH) release, which is temporarily closely linked to SVWS (Honda et al, 1969) .
This study examined the physiological, haematological and hormonal responses to 338 miles of continuous walking over 130 h, and the post-exercise (and sleep deprivation) sleep patterns during the subsequent three days of recovery.
METHODS
The subject was a 47 year old male who had previously completed two 'non-stop' walking records of more than 300 miles, and numerous walking races of 100 miles distance. Six months prior to the record attempt, the subject trained by completing walks of 30-40 miles duration during the evening hours.
The subject was medically examined and underwent a functional diagnostic graded exercise test (FDGXT) on a treadmill prior to and six weeks following the walk. During both exercise tests a precordial V5 lead ECG, blood pressure and oxygen consumption were continuously monitored until maximum oxygen (V02 max) was obtained (Table 1) . Blood lactate was ascertained pre-, two and five min post-test, from pin prick samples. The walk area consisted of a flat circular track, 1.8 miles in perimeter. Prior to, and at the same time each day during the walk, blood samples (10 ml) were obtained from a forearm vein. Samples were stored, and subsequently analysed for creatine kinase (CK), creatine kinase isoenzyme MB (CK-MB), serum electrolytes, prolactin (PRL), growth hormone (GH), haemoglobin (Hb), pack cell volume (PCV), and glucose (G). Every urine sample was collected throughout the walk period, and 24 hour pooled samples were collected during the recovery phase for analysis of catecholamine levels (adrenaline, nor-adrenaline and dopamine).
Throughout the six days of the walk, and three days recovery phase, blood pressure and body temperature were recorded at exact intervals. Heart rates were recorded continuously from a bipolar (CM5) lead, using a lightweight pocket-size tape recorder (MED ILOG).
Within one hour post-walk, the subject was transported to hospital and electrodes attached for the monitoring of electroencephalograph (EEG), electromyograph (EMG) and electro-oculargraph (EOG). Sleep records were monitored for 72 h and were subsequently scored according to the standard criteria (Rechtschaffen and Kales, 1968) . Blood samples were obtained, without disturbing the sleeping subject, at 20 min. intervals, during all sleep periods, via an indwelling catheter connected to an extension lead. Growth hormone was measured every 20 min during the sleep period. Growth hormone levels were then plotted and a profile ascertained from the area under the obtained curve. This provides a standard method for nocturnal hormone secretion.
Six months following the walk, the subject returned group.bmj.com on April 2, 2017 -Published by http://bjsm.bmj.com/ Downloaded from to the laboratory where all initial tests were repeated. Seven months post-walk, the sleep patterns, GH and PRL release was again monitored for three days. These two testing sessions provided a reference point for this subject, when not exercising strenuously.
BIOCHEMICAL AND HAEMATOLOGICAL ANALYSIS Blood samples collected during the walk were centrifuged at 3,000 rpm, within one hour of collection. Electrolytes were analysed immediately (Technicron SMA). The remaining serum was stored at -20oC prior to analysis for CK (Boehringer-Mannheim CK-NAC activated) and CK-MB (Boehringer-Mannheim), utilising mini-column adapted from the method of Mercer (1974) . GH was analysed by radioimmunoassay (R IA) technique (Wellcome) and prolactin by RIA (Netria). Lactate levels were analysed according to the methods of Guttman and Waklefeld (1974) , and blood glucose by glucose oxidase method (Boehringer-Mannheim test combination). Measurement of urinary catecholamines was performed by preliminary extraction on to allumina (aluminium oxide), followed by separation and quantitation, using high performance liquid chromatography (Moyer et al, 1979 ) with amperometric detection.
Whole blood samples were analysed for Hb and PCV (Coulter Counter Model S). Blood samples collected during both the recovery and baseline sleep studies were immediately centrifuged and then separated and stored at -20C for subsequent analysis which were carried out on all samples at the same time.
RESULTS
The subject completed the walk in 130.8 h, and his distance 338.2 miles was a new world record for continuous walking. Actual walking time represented 98.6% of the elapsed time, the remaining 1.4% of the time being utilised for essential toilet and medical stoppages. Mean daily walking speed ranged from 3.5 mph on Day 1 to 1.9 mph on Day 6 (Table 11 ). Daily mileage declined from the 83.7 miles completed on Day 1 to the 57 miles completed on Day 5 (Table I1 ). Lowest night time ambient temperatures ranged from 1.30C to 7.20C, and highest day time temperature from 10.20C to 12.60C.
Barometric pressure and humidity remained stable, and precipitation was minimal throughout the walk period. Heart rate averaged 105 b/min and no ECG abnormalities were observed during the walk. The subject walked at approximately 55% of )7O2 max throughout the six days, with lactate levels remaining below the 2 mmol/l level (Table 11) . Total weight loss during the walk amounted to 4.6 kg with energy expenditure being estimated at 33.5 mJ Calories a day (Durnin and Passmore, 1967) . CK activity rose to a peak level on Day 3 and gradually declined throughout the walk and during the recovery phase, but did not return to the levels ascertained prior to the walk (Fig. 1) . CK-MB demon- 1 ). The percentage of MB to'CK (MB/CK%) followed a similar pattern, but never exceeded the levels which are suggestive of myocardial ischaemia (Marmour et al, 1979) . Normal ranges obtained in our laboratory are:
CK-MB (0.0-1.3 gu/L), CK (18-60 WC/L) and MB/CK% (< 2.0%).
Electrolyte changes were minimal, but some differences were discovered between the walk and recovery phase. Urea rose throughout the walk period, to decline again during the recovery phase. Only total protein exceeded the normal levels, with rises up to 86 g/l in the early stages of recovery. Elevated GH levels were detectable throughout the walk phase and for 16 h into the recovery phase and ranged from 48 to 29 mmol/l respectively. In contrast PRL levels remained within the normal range (141-255 mmol/l) during the walk. Urinary catecholamine responses during the walk demonstrated slight rises in adrenaline, with greater changes in noradrenaline and dopamine (Fig. 2) . During the first 30 h of the recovery period, adrenaline remained stable, but nor-adrenaline and dopamine decreased markedly.
During the final stages of the recovery period (3 h prior to leaving hospital), all catecholamine levels became elevated once again.
Haemoglobin concentrations decreased from a prewalk level of 13.0 g/dl to 11.6 g/dl on Day 8, with PCV demonstrating a similar decline of 42% to 34%. During the walk, urinary myoglobin did not change and serum haptoglobin increased from 204-287 ng/100 ml.
Comparison of the pre-and post-walk (6 months) metabolic tests illustrate the decline in fitness status of the subject during the six months period of inactivity, with a 19% decrease in V02 max being observed (Table  1 ).
The increase in sleep time on the first post-walk night is shown in Table Ill , together with the comparison of sleep patterns on the three post-walk nights. The subject demonstrated very short sleep latency and rapid entry into slow wave sleep (SWS) after the walk. The relative and absolute levels of SWS remained high for the three nights, but showed a rapid decline during the third night (Table 111) months after the walk) total GH on the first of the postwalk days was increased by 93% and total secretion of GH over the three post-walk days was 37% greater than the three 'baseline' days. (Astrand and Rodahl, 1970) , and not in the same range as endurance trained athletes reported in the literature (Saltin and Astrand, 1967) , demonstrating that for low intensity extreme endurance work in a high V02 max is not a pre-requisite. In this particular walk, the metabolic requirements were not intensive. Examination of heart rate levels throughout the walk (Table 11) showed that the subject was not walking at more than 55% V02 max at any stage. Similarly, during a 100 miles walk, average walking speeds of 4 mph at 45% V02 max and repiratory equivalent of 0.86 have been recorded (Phillips et al, 1980) . No significant changes have been noted in V02, VC02 or VE at work rates of 25-75% V02 max and 30 h of sleep deprivation (Martin and Gaddis, 1981) . However, some authors do report a reduction in heart rate following sleep deprivation (Holland, 1968; Martin and Gaddis, 1981; Pickett and Morris, 1975) . It has been suggested (Martin and Gaddis, 1981) that sleep loss might be either an activator of parasympathetic, or a suppressor of sympathetic activity. In this subject, heart rate remained stable for five days, with a slight decline during the final 10 h, which corresponded to the lower work rate (Table I1 ).
The CK and CK-MB efflux patterns are in agreement with those reported by other investigators following long-term exercise Lang et al, 1981; Sanders and Bloor, 1975) . It has been suggested that changes in serum enzyme activity may be affected by the type of work, its intensity and/or duration .
The isoenzyme CK-MB has been shown to be more exclusively related to heart muscle (Roberts et al, 1975) . However, elevated skeletal muscle CK-MB has been observed in marathon runners (Davies et al, 1982) . CK-MB efflux, following intensive exercise has been related to ECG abnormalities in trained individuals tested in our laboratory (Davies et al, 1982) . No ECG abnormalities were observed in this subject either during the walk or during the pre-and post-walk diagnostic treadmill tests. However, the CK-MB efflux and serum levels during the walk are suggestive of moderate cardiac ischaemia, because whereas total CK activity rose to a peak on Day 3, thereafter declining in relation to walking speed, CK-MB maintained a plateau from Day 3 onwards (Fig.  1) . In spite of the decline in exercise intensity, heart rate remained at the same level (Table I1) . During the recovery phase CK-MB levels returned to the pre-walk level, with a corresponding decrease in heart rate, unlike 177 total CK which remained elevated in relation to its prewalk level. Normal levels of MB/CK% have been reported as 0-2% (Mercer and Varat, 1975) , with levels of 4% being suggestive of myocardial ischaemia (Marmour et al, 1979) . MB/CK% levels recorded during the walk (Fig. 1) did not exceed this critical point, but it is interesting to note that the highest levels recorded were at the latter stages of the walk when the subject was extremely fatigued.
Factors influencing the efflux of total CK into the bloodstream have been proposed as (1) energy deficit resulting in cell destruction and consequent release of intracellular enzymes, (2) muscle hypoxia and (3) mechanical factors resulting from impact-type activities Haralambie et al, 1976) . Intravascular haemolysis has been observed to be quantitively minor following a 100 mile run (Poortmans and Haralambie, 1978) . Urine myoglobin was only detected slightly during the final stages of the walk.
Rises in CK-MB have been suggested as changes which might be indicative of transient hypoxia, secondary to ischaemia, which may precipitate alterations in membrane permeability. Under extreme stress, it has been suggested that an energy deficiency of the subendocardial myocardium will develop with enzyme loss, but without irreversible damage. In this case, the ratio of CK-MB to total CK was not high, and the demands of the walk were aerobic in nature (Table I1) , so it is unlikely that any ischaemia responses developed.
Considerable variation was observed in the pattern of catecholamine excretion (Fig. 2) . Highest values recorded showed a nine-fold increase in adrenaline, a seven-fold increase in nor-adrenaline and a fifteen-fold increase in dopamine excretion. In all cases, these high values were recorded in conjunction with a high urinary output, suggesting a "flush out" effect with increased urine formation. This would be contradictory to the findings of Townshend and Smith (1972) who suggest that the urinary excretion of catecholamines is unaffected by either changes in renal blood flow, or by the influence of diuretics. The values obtained were within the range reported for exercise of similar intensity (von Euler, 1976 ) but, to the authors' knowledge, no such data is available for such prolonged periods of work. The large and somewhat inconsistent change in adrenaline, compared to the previously reported work, cannot be explained by any circadian pattern (Akerstedt and Froberg, 1976) but rather by the variation in the stimulation of adrenomedullary activity, i.e. blood glucose, mental stress and temperature. The continued rise in nor-adrenaline is most probably due to an increased sympathoadrenal response to maintain the vasomotor system and prevent disturbance of the cardiovascular system. What is apparent, from these results, is that there is no evidence of a reduc-tion in the ability of the sympathoadrenal medullary system to cope with stress of a moderate intensity for a prolonged period of time.
The lability of GH release and the factors affecting this have been well documented (Shephard and Sidney, 1975) . However, the changes in GH levels during prolonged exercise have not been examined in such detail. During seven hours of walking, fasting subjects exhibited intermittent peaks of GH concentration (Hunter et al, 1967) which are widely regarded as the characteristic mode of GH release (Shephard and Sidney, 1975) . Following a 100 km, 8-12 h run, GH levels increased seven-fold, returning to pre-race levels within 24 h (Glutz et al, 1978) . Similar increases were observed in this study during the walk phase, with GH levels being highest when the exercise intensity was at its greatest. A probable stimulus to GH release is the need for mobilisation of fat as a fuel for exercise (Metivier, 1975) .
The extreme increase in SWS, following the walk, is the most significant feature of the observations on the sleep patterns following the continuous walk. This observation could be predicted from studies on the effect of exercise on sleep (Shapiro, 1981) and the known effects of sleep deprivation (Horne, 1979) . Although it has been suggested that daytime exercise may result in an increase in nocturnal secretion of GH (Adamson et al, 1974) , the effect of near total sleep deprivation on GH secretion during subsequent sleep has not previously been studied. The observations in this extreme case study of an increase in GH release, following the combined stress of extreme exercise and sleep deprivation, supports the restorative theory of sleep and may be one reason for the subjective impression many athletes have that their sleep, after exercise, is more "restful". A subsequent study (Shapiro et al, unpublished) on 12 subjects, has shown that the effects of sleep deprivation alone (50 h) produces a significant rise in GH release during the first two hours of recovery sleep (and a more sustained rise in prolactin secretion). The lower levels of SWS recorded during the baseline measures may, in a small way, be related to the loss of fitness that had occurred between the continuous walk and the baseline measures.
In conclusion, it would seem that a walk of this intensity is well within the physiological capabilities of an individual with average aerobic capacity. All of the physiological responses, with the exception of the developing anaemia, were within the range of normality throughout the walk. It is possible that, with iron supplementation during the training period prior to the walk (Enn et al, 1980) , the fall in Hb and PCV could also have been prevented. However, the enormous psychological and physiological feat in overcoming the sleep deprivation (West et al, 1962; Reilly and Walsh, 1981) , is illustrated in the post-exercise sleep pattems. The significant increase in SWS and the raised level of GH following the exercise and sleep deprivation, suggest that both these factors play an important role in restoration and recovery after the extreme stress of the continuous walk. 
